Bioassay-guided fractionation of the crude extract of the whole plant of Macleaya cordata R. Br. led to the isolation of four alkaloids, which were identified as sanguinarine (1), chelerythrine (2), protopine (3) and α-allocryptopine (4) on the basis of their physicochemical and spectrometric data. Compounds 1 and 2 demonstrated a significant antifungal activity against the six test fungi with median inhibitory concentrations (IC 50 ) ranging from 0.47 to 6.13 μg/mL. Compound 1 was the most effective with an IC 50 of 0.47 μg/mL on Rhizoctonia solani. Furthermore, compounds 1 and 2 also demonstrated strong antibacterial activity, with IC 50 values ranging from 5.01 to 11.3 μg/mL, and minimum inhibitory concentrations (MIC) ranging from 8.0 to 32.0 μg/mL. This is the first report on the activity of the alkaloids from M. cordata against economically important phytopathogenic fungi and bacteria.
Synthetic fungicides and bactericides have proven effective in controlling plant diseases. However, their usage has increasingly been restricted due to environmental and health concerns [1a] . Higher plants can produce a great diversity of secondary metabolites, many of which have antimicrobial effects [1b] . It remains evident that natural plant products still have enormous potential in modern agrochemical research [1c,2] .
Macleaya cordata R. Br. (Papaveraceae) is a traditional Chinese medicinal herb distributed widely in the southeast area of China [3] , and which is used for its anti-inflammatory, antimicrobial and insecticidal activities [4a] . Previous chemical studies led to the isolation of several alkaloids which were shown to have cytotoxic [4b], protease inhibitory [4c] , and nematocidal activities [4d] . The crude extract of M. cordata was reported to control rose powdery mildew. However, it has not been clarified whether the alkaloids in the crude extract are active components [4e] . To the best of our knowledge, there is no published report on the activity of the alkaloids from M. cordata against plant pathogens other than our previous report on the crude alkaloid extract [4f], and one report on their inhibitory activity on animal pathogens [5a] . The aim of this study was to evaluate the activity of the main isoquinoline alkaloids on some economically important phytopathogenic bacteria and fungi by bioassay-guided fractionation of a crude extract from the whole plant of M. cordata.
The crude alkaloid extract with antimicrobial activity was fractionated by repeated column chromatography and preparative TLC to afford four compounds, which were identified as sanguinarine (1), chelerythrine (2), protopine (3) and α-allocryptopine (4) [5b-5d].
The antibacterial activity of the four alkaloids on three plant pathogenic bacteria is shown in Table 1 . Sanguinarine (1) and chelerythrine (2) demonstrated stronger inhibitory activity than the others. The median inhibitory concentrations (IC 50 ) of 1 and 2 ranged from 5.0 to 11.3 μg/mL, and their minimum Fungal growth inhibition of the four alkaloids on plant pathogenic fungi is shown in Table 2 . Sanguinarine (1) was the most effective with IC 50 values ranging from 0.47 to 10.52 μg/mL. In addition, 1 and 2 had a significant antifungal activity against Rhizoctonia solani with IC 50 values 0.47 μg/mL and 0.55 μg/mL, respectively. They also showed strong spore germination inhibition of Magnaporthe ozyzae.
These results indicate that the alkaloids appear to be the main antimicrobial components of M. cordata [4f] , and also provide some information for their potential application as antimicrobial agents to control plant diseases [2] . Sanguinarine (1) and chelerythrine (2) exhibited considerable inhibitory activity against R. solani. The structures of compounds 1 and 2 are very similar, and it is possible that both spatial and quaternary ammonium structures of compounds 1 and 2 contribute to the antimicrobial activity. Our data indicate that ring F of compound 1 and ring E of compound 3 had little influence on the antimicrobial activity. The mode of action of these isoquinoline alkaloids on plant pathogenic bacteria and fungi need to be further studied. All bacteria were activated on Luria-Bertani (LB) agar medium (sodium chloride 5 g/L, peptone 10 g/L, yeast extract 5 g/L, agar 20 g/L in distilled water), and then subcultured on LB agar medium at 28°C in the dark at two-day intervals prior to antibacterial testing. All fungi were activated on potato dextrose agar (PDA) medium (potato 200 g/L, glucose 20 g/L, agar 20 g/L in distilled water), and then subcultured on PDA medium at 25°C in the dark at every 4 to 7-day intervals prior to antifungal testing.
Experimental

Isolation and fractionation of the alkaloids:
The whole plants of M. cordata were air-dried, ground and then 3 kg was extracted with 1% sulfuric acidwater at room temperature for three days (3×5 L). The pH value of the combined filtrate was adjusted to 9 with 10% sodium hydroxide solution to precipitate the alkaloid part, which was further extracted with 95% ethanol under reflux (3×1 L for 5 h) at 80°C. The ethanol extract was acidified with 50% sulfuric acid to pH 2 to give the crude alkaloid extract (21 g; 0.7% yield, dry wt). The crude alkaloid extract (20 g) was suspended in ethyl acetate and filtered. The ethyl acetate-insoluble part was dissolved in distilled water. To this solution, 50% sodium hydroxide solution was added. The water-insoluble part was then subjected to Antimicrobial alkaloids from Macleaya cordata Natural Product Communications Vol. 4 (11) 2009 1559 preparative TLC eluting with CHCl 3 /MeOH/acetone (100:3:3, v/v) to afford two main compounds (yellow and red color). The crude red compound was further purified by Sephadex LH-20 column chromatography eluting with CHCl 3 /MeOH (1:1, v/v), and then silica gel Rp-18 column chromatography with gradient elution using H 2 O/MeOH (9:1, 8:2, 7:3, 5:5, 3:7, 1:9, v/v) to yield compound 1 (1800 mg). The crude yellow compound was further purified by Sephadex LH-20 column chromatography eluting with CHCl 3 /MeOH (1:1, v/v), and then preparative TLC with CHCl 3 /EtOAc/MeOH (50:5:1, v/v) to yield compound 2 (900 mg).
The ethyl acetate-soluble part was concentrated, suspended in water, and further extracted with chloroform. The concentrate was then subjected to silica gel (300-400 mesh) chromatography, eluting with CHCl 3 /MeOH/NH 4 OH (60:4:1.5, v/v) to afford, after repeatedly crystallization, 3 (150 mg) and 4 (120 mg).
Chemical and physical characterization of the alkaloids:
Melting points were measured on an XT4 microscopic melting-point apparatus and are uncorrected. NMR spectra were recorded on either a Bruker DRX-500 or a Bruker DRX-300 NMR spectrometer. EI-MS spectra were performed on a Thermo Finnigan LCQ mass spectrophotometer. Column chromatography was performed either on silica gel (200-300 mesh), Sephadex LH-20 or silica gel Rp-18. Compounds on TLC were visualized by spraying with either Dragendorff's reagent or 5% H 2 SO 4 in ethanol (v/v), followed by heating at 110°C for 10 min.
Antibacterial assay:
A modified microplate-MTT colorimetric assay was employed to evaluate antibacterial activity of the four alkaloids [6a,6b] . Briefly, the alkaloids were dissolved in 10% methanol to a final concentration ranging from 20 to 1280 μg/mL. The test bacterial dilution (90 μL; 10 6 cfu/mL) was added into each well of the sterile round-bottom 96-well microplate, then 10 μL of each test compound solution was added into the wells and mixed thoroughly to give a final concentration ranging from 2 to 128 μg/mL. The solvent control, MeOH, at 1% or less in each well did not show an inhibitory effect on the growth of the bacteria. Streptomycin sulfate, at its various concentrations, served as the positive control. The tests were carried out in triplicate. After the microplates had been incubated for 24 h at 28°C with shaking (15 rev/min), a solution (10 μL) of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) at a concentration of 5.0 mg/mL in 0.2 mol/L, pH 7.2 phosphate-buffered saline (PBS) was added to each well as a growth indicator, and the microplates were incubated for an additional 4 h at 28°C. The microplates were then centrifuged at 1500 g for 20 min, the supernatant removed, and 150 μL of dimethyl sulfoxide (DMSO) added to each well. Plates were then placed on a shaker (15 rev/min) for 30 min. Only living microorganisms can convert MTT to formazan, and a blue color appears in the well. The minimum inhibitory concentration (MIC) was defined as the lowest sample concentration at which no color was observed in the six replicated wells. To confirm MIC, 10 µL of suspension liquid was removed from each well and inoculated on LB media as spots. After aerobic incubation at 28°C overnight, the number of surviving organisms was determined.
To further determine the IC 50 value of each compound, the above microplates incubated with MTT were centrifuged at 1500 g for another 20 min, and then 100 µL of the supernatant (DMSO solution) in each well was removed to a corresponding well of another 96-well microplate to measure their light absorption values at 590 nm using a multi-well-plate reader (Bio-Rad-550, USA). The percentage of bacterial growth inhibition was determined as [(A c -A t )/A c ) ×100, where A c was an average of 6 replicates of light absorption at 590 nm of the negative controls, and A t was an average of 6 replicates of light absorption at 590 nm of the samples. The median inhibitory concentration (IC 50 ) was calculated using the linear relationship between the inhibitory probability and concentration logarithm, according to methods outlined by Finney [7a] .
Antifungal assay: The spore germination assay was employed to evaluate the antifungal activity. The spores were prepared from 7-day-old cultures of Magnaporthe oryzae, according to the method of Peng and Shishiyama [7b]. The alkaloid-ethanol solution was mixed with an equivalent volume of fungal spore suspension containing 2×10 6 spores per mL. Of the mixture, 50 μL was then placed on a separate concave glass slide. The final compound concentrations ranged from 2.5 to 50 μg/mL containing 10% (v/v) ethanol. The negative control was 10% ethanol, and the positive control was carbendazim, with different concentrations ranging from 0.5 to 50 μg/mL. Three replicates were used for each treatment. Slides containing the spores were incubated in a moist chamber at 25ºC for 7 h. Each slide was then observed under the microscope for spore germination status. About 300 spores per replicate were observed to detect spore germination [7c] . The percentage (%) of spore germination inhibition was determined as [(G c -G t )/G c ] ×100, where G c is the average of 3 replicates of the germinated spore number in the negative control, and G t is the average of 3 replicates of germinated numbers in the treated sets. The IC 50 calculation for spore germination inhibition was the same as that for bacterial growth inhibition Another method employed to evaluate the antifungal activity of the alkaloids was the mycelial growth assay in liquid medium [8] . The compound was dissolved in methanol and diluted to a series of concentrations. Then, the compound solution was added into liquid potato dextrose medium (potato 200 g/L, dextrose 20 g/L). The final compound concentrations ranged from 0.625 to 50 μg/mL containing 1% (v/v) methanol in the medium. One plug of culture agar medium plus mycelia adhered was added to a 100 mL Erlenmeyer flask containing 30 mL liquid potato dextrose medium, and incubated at 25°C under agitation (150 rev/min) for 7 days. Round filter papers were weighed after drying for 24 h at 60°C. After filtration of the fungal suspension culture, the residue was dried for 24 h at 60°C and weighed again. The difference in weights gave the dry weight of the fungi. The percentage (%) of mycelial growth inhibition was determined as [(W c -W t )/W c ] ×100, where W c is the average of 3 replicates of mycelial dry wt of the negative control (i.e. 1% methanol in medium), and W t is the average of 3 replicates of the mycelial dry wt of the treated samples. Mean measurements were calculated from 3 replicates. The IC 50 calculation for the mycelial growth inhibition was the same as that for bacterial growth inhibition.
